Abstract. I give an overview of the most important observational tools to study the magnetospheres of accreting neutron stars, with a focus on accreting neutron stars in high mass X-ray binary systems. Topics covered are the different types of accretion onto neutron stars and the structure of the accretion column, and how models for these can be tested with observations.
Introduction
Accreting neutron stars in X-ray binaries provide direct observational information on the interaction of their strong (10 12 G) magnetic fields with the stellar wind of their donor stars. Through observations of cyclotron lines -absorption line like features caused by the interaction of hard X-ray photons with quantized electrons in the magnetic field at the neutron star's magnetic poles -these objects are also our only opportunity for direct measurements of the strength of neutron star magnetic fields.
The aim of this review is to give an overview of the main properties and physical ideas of these objects for astrophysicists who do not specialize on neutron stars and to serve as an introduction to the more specialized contributions in these proceedings. In Sect. 2 I discuss the different ways how neutron stars in X-ray binary systems accrete matter from their donor stars, while Sect. 3 is devoted to a description of the luminosity-dependent modes of the accretion column and how these can be tested using observations of cyclotron lines. For space reasons I will only briefly touch on subjects that are discussed elsewhere in this volume, such as ideas that the accretion column in neutron stars is several kilometers in length (leading to B-fields of ∼10 14 G at the magnetic poles; see the contribution by Doroshenko et al.) and models explaining the cyclotron line variability as reflection from the neutron star surface (see the contribution by Mushtukov et al.). [3] and assuming 10 R for the B0 Ve donor star, a typical value for B0 stars [4] . The green line shows the average phase dependent RXTE-ASM 2-10 keV count rate during for the time interval MJD 54392-53860, i.e., during the normal outbursts before its 2006 giant outburst. Note that the X-ray count rate increases slightly before the periastron, where accretion starts, and that the accretion continues until close to apastron. neutron stars are expected to have decayed. Extensive magnetospheres are therefore rare, although there are examples of neutron stars with 10 12 G fields which are embedded in an accretion disk such as Her X-1 [e.g., 2].
Most neutron stars with strong magnetic fields are therefore located in high mass X-ray binaries (HMXB). Here the donor star has spectral type O or B. In HMXB the accreted matter originates from the stellar wind of the donor star [5-7, and references therein]. Most of these systems have rather tight orbits with orbital periods of the order of a week. Their luminosity is to first order set by the mass accretion through the Bondi radius [see, e.g., 8],
where M is the mass of the neutron star, and v the relative speed between the neutron star and the stellar wind [9] . The fraction of the stellar wind accreted is then [10, 11] 
where a is the orbital separation of the neutron star and its donor. Note that mass loss rates from early type stars can reach up to 10 −6 M year −1 , i.e., even if the neutron star accretes only a small fraction of the total stellar wind, it can radiate close to its Eddington limit 1 . A sub type of HMXB are the Be binaries [12] [13] [14] , where the neutron star is in an eccentric orbit, with typical orbital periods of weeks to months. Accretion from the Be disk can be triggered during periastron passages of the neutron star (Fig. 1) . Depending on the Be star's mass loss rate, outbursts can be recurrent during each periastron passage [e.g., in GRO J1008− 57 15] . Other sources show outbursts sporadically on timescales of years or decades. For example, the Be binary XTE J1946+274 showed a sequence of outbursts during each periastron passage in 1998-2001 [16] , then went into a phase of quiescence, and reappeared with another sequence of outbursts in 2010/2011 [17] .
A recently recognized third class of accreting, magnetized neutron stars are the symbiotic X-ray binaries, where the donor star is a M-giant. Only seven symbiotic X-ray binaries are known, of which GX 1+4 is the most prominent [18] [19] [20] . With orbital periods of several 100 d, the orbits of these . After the stellar wind is captured by the neutron star's gravitational field, at a distance of ∼2000 km it couples to the neutron star's magnetic field and falls along the field lines onto the neutron star. Accretion columns form close to the surface of the neutron star where X-rays are produced. The rotation of the neutron star results in the appearance of the accreting neutron star as an X-ray pulsar.
systems are too wide to allow Roche Lobe overflow and therefore it is assumed that the neutron star is accreting from the wind of the M-star. With wind speeds of ∼100 km s −1 it is in principle possible to explain the typical luminosities of symbiotic X-ray binaries. While these speeds are significantly higher than those of typical M-star winds (∼10 km s −1 ), a speed of 250 km s −1 has been measured for the donor of GX 1+4 [21] . With a rotation period of 5.5 hours(!), the symbiotic X-ray binary 3A 1954+319 is the slowest rotating accreting X-ray pulsar [22, 23 , and references therein]. The very long rotation periods and the observed period changes of symbiotics are difficult to reconcile with a standard wind accretion picture as they result in unphysical parameters for the systems such as B-field strengths above those of magnetars. Recently, Shakura et al. [ 24, see also [25] ] have developed a new picture of magnetospheric accretion for these systems, which appears to deliver more reasonable neutron star parameters. See the contribution by these authors for more details.
The Magnetosphere and the Accretion Flow
Observations of accreting neutron stars allow us to study the physical surroundings of the neutron star as well as the interaction between the neutron star's magnetosphere and the accreting matter.
The structure of the stellar wind in which the neutron star is embedded can be measured by studying spectral features imprinted into the underlying non-thermal continuum of the neutron star's accretion column (see Sect. 3 below). The ionization state and structure of the accretion flow can be deduced from the time dependent variation of absorption features in the X-ray spectrum. In HMXB, the equivalent hydrogen column, N H , which is a measure of the amount of material along the line of sight, is variable on timescales down to minutes [e.g., 26, 27] . Strong fluorescent lines are evidence for the photoionization of the stellar wind by the strong X-ray source moving through it [e.g., [28] [29] [30] [31] [32] .
Once the accreted material is in the sphere of influence of the neutron star it will shed its angular momentum and fall onto the compact object. Close to the neutron star, the gas motion will be dominated by the effects of the neutron star's strong magnetic field (Fig. 2) . The radius where the B-field becomes important is roughly the Alfvén radius,
Physics at the Magnetospheric Boundary 06001-p.3 which is typically located around 2000 km from the neutron star. Magnetic torques couple the rotation of the neutron star and the rotation of the material at the Alfvén radius. This means that there should be a direct relation between the X-ray pulsational period and the parameters determining r mag [34] [35] [36] [37] . Dramatic spin-up episodes are seen, for example, during giant outbursts of Be X-ray binaries [3, [38] [39] [40] , while many sources show extended spin up/spin down phases indicating that they are close to equilibrium [18, 41, 42] . These observations allow, in principle, an independent check of magnetic fields obtained from cyclotron lines (see Sect. 3 and [43] ). On shorter timescales, for high accretion rates, giant flares where sources suddenly brighten by a factor of 10 and more for a few pulsation periods (10s to 100s of seconds), and off states, where the X-ray flux suddenly shuts down for a short while, are seen in many luminous HMXB [44] [45] [46] . These are interpreted as evidence that accretion is inhibited by the propeller effect, where the accreted material cannot overcome the centrifugal barrier imposed by the rotating magnetic field [11, 47, and references therein]. They are probably related to the flaring seen in supergiant fast X-ray transients.
The Accretion Column

Theoretical Picture
From the Alfvén radius onwards the matter follows the B-field lines and falls with a free fall speed of ∼0.7c onto the magnetic poles of the neutron star where it is decelerated to v = 0 cm s −1 and therefore has to radiate its kinetic energy away. Since the material is confined to the magnetic field, the foot point of this accretion column has a radius of r 0 ∼ 1 km.
How the accreted material is stopped depends strongly on the luminosity emitted at the polar caps, i.e., onṀ. Building on earlier work [e.g., 48-58, and references therein], Becker et al. [59] have recently developed a scenario describing the different regimes of accretion in the accretion column. At the highest luminosities radiation pressure dominates (Fig. 3) . This is the case for
where σ T is the Thomson cross section and σ ⊥ and σ are the cross sections for scattering perpendicular and parallel to the B-field. As L X decreases, Coulomb interaction becomes dominant, while at even lower L X , gas pressure and eventually scattering in the surface of the neutron star are the most important processes to stop the material. The resulting continuum is a combination of soft bremsstrahlung photons, as well as harder photons from bulk motion Comptonization in the decelerating accretion flow. Of lesser importance are black body radiation from the surface of the neutron star and cyclotron emission [49] . The resulting continuum shape is roughly a power law with an exponential cutoff.
The most important diagnostics to test these ideas are observations of cyclotron lines. While the electron energy distribution parallel to the B-field lines is essentially thermal, the motion of electrons perpendicular to the ∼10 12 G B-field at the polar caps is quantized into Landau levels. The energy of these Landau levels is [e.g., 61] 
B crit is the quantum-electrodynamical critical magnetic field. As a result of the quantization, the cross section for the scattering of photons off these electrons is strongly increased at the resonance energies corresponding to the energy differences between the Landau levels. For B B crit the Landau levels are approximately equidistant with an energy difference of E cyc = e m e c B = 11.6 keV B 10 12 G (6) Figure 4 shows the cross section for the scattering of photons off these quantized electrons [60, [62] [63] [64] . Note the extremely large dynamic range of the cross section as well as the very strong dependence on the scattering angle, which makes the numerical treatment of radiation transport in accretion columns very difficult. Both, Monte Carlo simulations [62, 63, [65] [66] [67] [68] as well as radiative transfer calculations [55-58, 69, 70] show that as a result of resonance scattering complex absorption line like features, "cyclotron line scattering features" or "cyclotron lines" are formed for a variety of physical circumstances. See the contributions by Schwarm and Schönherr in these proceedings for further information on the theory of cyclotron line formation. Cyclotron lines are of major observational importance since the determination of their energy allows us to measure directly the B-field strength at the location where they were formed. Not only is this the only direct way to measure neutron star magnetic fields, but in addition observations of cyclotron lines also allow us to test the models for the accretion flow onto neutron stars discussed above.
Observations of Cyclotron Line Behavior
Because of the difficulties in obtaining a fully self consistent model for the radiation emerging from the accretion column, the spectra of accreting neutron stars are often modeled with empirical models 12 G and an electron temperature of kT e = 9 keV [60] . Left: Cross section for incident photon angles of 30
• , 60
• , and 85
• with respect to the magnetic field. Right: Color coded cross section showing the strong dependence of the cross section on the scattering angle.
which try to approximate the expected continuum shape with simpler formulations 2 . Müller et al. [72] give a comprehensive overview of these spectral models. In addition to the simple exponentially cutoff power law model,
the two most commonly used continua are the Negative Positive Exponential Powerlaw, NPEX [73] , and the Fermi Dirac Cutoff [75] :
where Γ i are the photon indices (in NPEX, one often fixes Γ 2 = 2; [e.g., 74]), E break is called the "break energy" and E fold is called the "folding energy". Note that the term "cutoff energy" is sometimes used for either the folding or the break energy, which can lead to confusion. When data modeling the basic continuum model is modified by absorption in the stellar wind and the interstellar medium. If fluorescence emission is important it is described by additional Gaussian emission components. Even though cyclotron lines are predicted to have complex shape [e.g., 65, and references therein], due to the moderate resolution of most hard X-ray detectors the deviations from a simple line profile are often not resolved and it is often sufficient to describe the cyclotron line with multiplicative Gaussian or Lorentzian absorption profiles of the form
where CONT(E) is one of the continuum models discussed above. Starting with the initial discovery of a cyclotron line in the X-ray spectrum of Her X-1 [76] , cyclotron lines have so far been detected in the spectra of ∼20 neutron stars. Caballero and Wilms [77] and Pottschmidt et al. [78] give an overview of the observational status, including tables with relevant information on the systems. The discovery rate of new cyclotron line sources is 1-2 per year, and dominated by the rate with which new Be sources are going into outburst. The variety of accretion environments in which the sources are located means that the statistics of directly measured neutron star magnetic fields is still dominated by small number statistics. Continued target of opportunity observations of new and already known transients are of crucial importance to make further progress. Perhaps the most important results of the existing observations are the following:
Cyclotron lines are phase dependent: As the neutron star rotates around its axis, our line of sight onto the column changes. Pulse phase dependent observations of the spectrum therefore allow us to probe effects caused by the strong dependence of the scattering cross section on the scattering angle (Fig. 4) . The observed phase dependence of the cyclotron line parameters (and the continuum) is complex, probably due to the fact that due to gravitational light bending we are observing a mixture of the emission from both magnetic poles. Examples of this behavior are Her X-1 [79, 80] and GX 301−2 [81] . A promising new technique to study this behavior based on the phase lag of the line has recently been suggested by Ferrigno et al. [82] . See Schönherr et al. (these proceedings) for details.
Cyclotron lines are (too?) smooth: With the availability of NuSTAR [83] low background spectra with good energy resolution are now becoming available. With 0.9 keV at 60 keV these are good enough to reveal structure in the cyclotron lines, such as the emission wings in the fundamental line predicted by CRSF models. Earlier observations with RXTE had revealed indications for complex lines [e.g., in V0332+53, 84], but such observations were only possible for the broadest, deepest lines. For Her X-1 and Vela X-1 the NuSTAR data suggest much less structure than what has been predicted [80, 85] . A possible explanation is that the line is formed in a thicker layer in the accretion column than expected, and the B-field gradient or velocity gradients will smooth out the features.
Cyclotron line energies are luminosity dependent: Because the cyclotron line energy is representative of the magnetic field strength at the location where the line is formed, we expect its energy to change with changes in the structure of the accretion column. After initial searches for secular changes in the line had already been successful [e.g., 74, 86, 87] , the most convincing indication for a strong luminosity dependence of the cyclotron line were INTEGRAL observations of the 2004/2005 outburst of V0332+35, where Tsygankov et al. [88, 89] observed a strong decrease in the cyclotron line energy as the source increased in luminosity [see also 90, 91] . No hysteresis was found, i.e., the line energy was only dependent on the luminosity (Fig. 5) . The explanation of this behavior is that during the brightest stages of the outburst the source was close to L crit (eq. 4). Here, as the lumiPhysics at the Magnetospheric Boundary 06001-p.7 nosity increases the radiative shock where the line is formed moves away from the neutron star due to increased radiation pressure. Since the B-field decreases with height, we then expect the line to move to lower energies ( Fig. 3 and [ 59, 74, 86, 92] ). Sources at lower luminosity such as Her X-1 or GX 304−1 show the opposite behavior [e.g., 93, 94] , again as expected since these sources are in the regime where Coulomb interactions dominate and the column reduces its height asṀ rate increases.
A very interesting example is 4U0115+63. Earlier work had shown the line to decrease with flux [74] and strong hysteresis effects had been suggested [95] . As shown by Müller et al. [ 72, see also [96] ], this behavior is due to continuum variation: in combination with broad cyclotron lines the NPEX continuum model can describe the broad band spectral shape well, however, the cyclotron line component only partly describes the real cyclotron lines but rather "deforms" the spectral continuum to obtain the proper continuum shape. Other continuum models, however, recover the correct behavior of the cyclotron line, which in this source is then found to be independent of luminosity. It turns out that this result is rather good for column models: The B-field of 4U0115+63 is so small that one would not expect this source to enter the radiation dominated regime, and therefore it would be difficult to explain the previously claimed behavior. At the same time, however, the case of 4U0115+63 illustrates again the need for a more physics based continuum model for accreting, magnetized neutron stars.
In summary, accreting neutron stars are a very exciting and promising laboratory for studying the behavior of matter under very exotic conditions. The diagnostic capabilities of the instrumentation on XMM-Newton, INTEGRAL, Chandra, and Suzaku has been recently complemented by the broad-band capabilities of NuSTAR, which will significantly add more information on the behavior of cyclotron lines. With the soon to be launched ASTROSAT mission, as well as with missions currently under consideration such as LOFT and ATHENA+, significant further progress is to be expected on these fascinating sources.
